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Abstract: In recent decades, wildfires in many areas of the United States (U.S.) have become larger
and more frequent with increasing anthropogenic pressure, including interactions between climate,
land-use change, and human ignitions. We aimed to characterize the spatiotemporal patterns of
contemporary fire characteristics across the contiguous United States (CONUS). We derived fire
variables based on frequency, fire radiative power (FRP), event size, burned area, and season length
from satellite-derived fire products and a government records database on a 50 km grid (1984–2020).
We used k-means clustering to create a hierarchical classification scheme of areas with relatively
homogeneous fire characteristics, or modern ‘pyromes,’ and report on the model with eight major
pyromes. Human ignition pressure provides a key explanation for the East-West patterns of fire
characteristics. Human-dominated pyromes (85% mean anthropogenic ignitions), with moderate
fire size, area burned, and intensity, covered 59% of CONUS, primarily in the East and East Central.
Physically dominated pyromes (47% mean anthropogenic ignitions) characterized by relatively large
(average 439 mean annual ha per 50 km pixel) and intense (average 75 mean annual megawatts/pixel)
fires occurred in 14% of CONUS, primarily in the West and West Central. The percent of anthropogenic
ignitions increased over time in all pyromes (0.5–1.7% annually). Higher fire frequency was related
to smaller events and lower FRP, and these relationships were moderated by vegetation, climate,
and ignition type. Notably, a spatial mismatch between our derived modern pyromes and both
ecoregions and historical fire regimes suggests other major drivers for modern U.S. fire patterns
than vegetation-based classification systems. This effort to delineate modern U.S. pyromes based on
fire observations provides a national-scale framework of contemporary fire regions and may help
elucidate patterns of change in an uncertain future.
Keywords: anthropogenic ignitions; disturbance ecology; extremes; machine learning; satellite
data; wildfire
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Human activity has influenced wildfire across the globe in recent millennia, either
by increasing or suppressing fire activity. Although climate is widely recognized as a
primary driver of fire activity globally [1,2], human activities modify that relationship. In
fact, human activities may even have a larger effect than climate on fire activity, both in
modern and historical contexts [3–6].
In recent decades, the United States (U.S.) has experienced pressures from landuse conversion, invasive species, increasing ignitions, and a warming climate that, in
combination, are changing contemporary fire patterns [7–12]. These changes have forced the
question of what past, current, and future fire regimes look like. Completely ‘natural’ fire
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regimes are likely non-existent in modern North America [13]. People both alter ignitions
dynamics and influence the factors that predispose an area to burning. For example,
84% of ignitions in the U.S. between 1992 and 2013 were anthropogenic, contributing
substantially to the spatial and temporal characteristics of wildfires nationally [8,9]. Further,
the expansion of the wildland–urban interface through new housing development is poised
to alter wildfire dynamics as more people are placed in proximity to potential fuel loads [14].
In general, fire regime concepts are a framework for evaluating the spatiotemporal
patterns of fire. Fire regimes, primarily controlled by climate, fuel, and/or ignitions, are
often defined by fire parameters. In a strict definition, fire regimes are described by fire
physical characteristics in space and time (fire sensu stricto, e.g., fire size, duration, severity);
a broader definition of fire regimes could include the conditions under which fire can occur
(fire sensu lato, e.g., vegetation and climate conditions, etc.) or even the effects of fire on
the larger landscape [15–17]. Fire regimes are dynamic and complex, as fire characteristics
interact with one another, with landscape patterns, and with climate dynamics over space
and time [18]. Comparing fire characteristics over space and time and with social and
environmental correlates of fire can reveal the relative influence of factors driving and
constraining fire characteristics, patterns of change, and predictions of risk to ecosystems
or society.
Satellites have given the fire science community a new view, based on different
sensors’ ability to detect fire-caused thermal and spectral changes [19]. Combined with
government records, using satellite data has expanded our ability to quantify fire at the
U.S. scale, which has provided unique perspectives on fire activity, the drivers behind
fire activity, and the impacts of fires on human and natural systems [7,8,20]. In particular,
standardized, national-scale data on ignition type from U.S. government records have
been generated in recent times with the Fire Program Analysis fire-occurrence database
FPA-FOD [21], and these data have provided key insights into the anthropogenic influence
on fire regimes [8,9,22]. Moreover, the fire regime concept was developed well before the
advent of remote sensing [16], leaving an opportunity to explore how new metrics (e.g.,
fire radiative power) made possible by the integration of multiple satellite sources may
contribute to the fire regime concept. Although there have been efforts to delineate pyromes
globally using remote sensing data [23], these have not yet been fully resolved for the U.S.
and do not emphasize extreme values.
Here, we use satellite-derived fire products and a government records database to
define the spatiotemporal patterns of contemporary fire in CONUS. We (1) delineated
modern U.S. ‘pyromes,’ or areas that shared relatively homogenous fire characteristics,
(2) described these pyromes based on their fire characteristics and rates of change (i.e.,
sensu stricto), (3) identified how these pyromes co-occurred spatially with anthropogenic
ignitions, vegetation type, and climate (i.e., sensu lato) and if they were consistent with a
historical national-scale classification of fire regimes and contemporary ecosystem types,
and (4) evaluated the constraints on fire that occurred in each pyrome. We used the
term ‘pyrome’ rather than ‘fire regime’ to describe our delineated fire clusters. Defining
modern fire regimes is complicated by the uncertainty surrounding current dynamic
changes in fire characteristics; these changes may be reflective of distributional shifts in fire
characteristics and indicative of longer-term trends, or they may be within the historical
range of variation [18,24]. As we used contemporary fire data from an approximately
40-year period to delineate fire clusters, we use the term ‘pyrome’ to differentiate this
effort from those that consider deeper historical data. This effort provides a national-scale
framework and map of modern U.S. ‘pyromes’ that is a complimentary addition to other
national-scale databases on fire regimes and drivers, e.g., [25].
2. Materials and Methods
2.1. Fire Data and Preprocessing
We used publicly available fire products to calculate fire characteristics for CONUS,
including the Moderate Resolution Imaging Spectroradiometer (MODIS) Active Fire Prod-

Fire 2022, 5, 95

3 of 20

uct [26] 2003–2020, Monitoring Trends in Burn Severity (MTBS) Burned Areas Boundaries
Dataset [27] 1984–2020, and the Fire Program Analysis fire-occurrence database (FPAFOD) [28] 1992–2018. The MODIS dataset was used to calculate fire frequency, fire radiative
power (FRP), and fire season length. The dataset includes all fires detected by either the
Terra or Aqua MODIS sensor at the time of satellite overpass based on the mid-infrared
radiation of the fire, and the fire detections are not grouped into fire events. The MTBS
dataset was used to calculate fire frequency, fire event size, burned area, and fire season
length. The dataset includes fire events over a size threshold (Western U.S., c. 405 hectares
(ha); Eastern U.S., c. 202 ha) delineated manually by the MTBS project using a Landsat
satellite-derived fire index. The FPA-FOD dataset was used to calculate fire frequency, fire
event size, burned area, fire season length, and ignition type. It includes fire events based
upon wildfire records from federal, state, and local fire organization reports.
Each dataset captures fires, and thus fire statistics, differently. For example, MODISbased fire frequency captures the number of fire detections rather than fire events; while
MTBS- and FPA-FOD-based fire frequency captures fire events. FPA-FOD includes fire
events independent of size but only those that required a suppression response, while
MTBS captures only large fires and includes both wildland and prescribed fires. MODIS
includes all wildfires or prescribed fires that can be detected, though statistical error exists
as a function of environmental factors (e.g., varying errors of commission and omission in
different land-cover types) and data collection artifacts (e.g., view angle, resulting in a finer
spatial resolution of pixels viewed from nadir relative to that of pixels located closer to the
edge of the swath and thus a greater probability of detection of small fires at nadir) [29].
Some fire characteristics are only provided by one dataset. For example, FPA-FOD includes
ignition type (e.g., ‘lightning,’ ‘campfire,’ ‘arson’), which is the best available national-scale
information regarding wildfire ignition source. MODIS includes FRP, which we used to
represent ‘FRP-based fire intensity.’ FRP is the amount of energy released from the fire at
the time of overpass and is related to combustion and fuel amount [30,31]. Although FRP
is often considered a measure of fire intensity [32], it is important to note that FRP values
will have systematic biases related to view angle and fire size, as FRP measurements are
affected by both pixel size and the proportion of the pixel that the fire occupies. Although
uncertainty in FRP related to view angle is reduced at coarse aggregations [33], particularly
resolutions that capture all view angles, both off-nadir pixels and large fires would likely
contribute disproportionately to aggregate FRP values. FRP-based intensity at coarse
aggregations could be considered an indicator of fuel consumption.
Following Cattau et al. [9], we computed a suite of 15 fire characteristics derived
from the information embedded in these aforementioned satellite sources and government
records (Table 1 and Figure S1) by sampling these characteristics across a 50 km resolution
grid at an annual temporal resolution across CONUS. We selected a resolution of 50 km
since it is the approximate size of an average U.S. county to account for differences in the
spatial resolution of the input fire datasets and because it is a sufficiently large aggregation
to minimize data uncertainty related to view angle [33]. For each variable, we calculated
the mean per grid cell per year to describe the average fire physical characteristics. We also
calculated the maximum values for fire event size and FRP-based fire intensity to describe
the most extreme fire physical characteristics. All variables were calculated contingent
upon fire occurrence and otherwise assigned a value of zero. For all fire characteristics (e.g.,
fire event size) that were represented by multiple variables derived from different data
sources, we ensured that these variables were not redundant. All had significantly different
values (p < 0.01), determined by Wilcoxon rank-sum tests when there were two data
sources and Kruskal–Wallis tests followed by pairwise Wilcoxon rank-sum tests when there
were three data sources. More detail on data and data pre-processing—including more
explanation of what is captured by each data source, justification for variable selection, and
data caveats—is available in Cattau [9]. Unless otherwise noted, analyses were conducted
using R version 4.2.0 [34].
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Table 1. Fire characteristics derived for the contiguous U.S. at a 50 km spatial resolution and an
annual temporal resolution (values are per pixel per year) from satellite data and government records
to delineate modern pyromes based on fire physical characteristics. All data were derived from the
Moderate Resolution Imaging Spectroradiometer (MODIS) Active Fire Product for 2003–2020, from
the Monitoring Trends in Burn Severity (MTBS) Burned Areas Boundaries Dataset for 1984–2015, and
from the Fire Program Analysis fire-occurrence database (FPA-FOD) for 1992–2015.
Characteristic

Data Source

Units

Fire frequency

MODIS, MTBS, FPA-FOD

Total number of fires or fire detections (n)

Fire intensity

Average
Extreme

MODIS

Mean fire radiative power (FRP) (megawatts, MW)
Maximum FRP (MW)

Fire event size

Average
Extreme

MTBS, FPA-FOD

Mean area (hectares, ha)
Maximum area (ha)

Burned area

MTBS, FPA-FOD

Sum area (ha)

Fire season length

MODIS, MTBS, FPA-FOD

Standard deviation Julian Day (JD) multiplied by 2

Ignition type

FPA-FOD

Percent of fires ignited by humans (%) and percent of
fires ignited by lightning (%)

2.2. Variable Selection
We ran a principal components analysis (PCA) using the standardized and centered
mean values for each variable to evaluate which fire variables accounted for most of the
variance in the data and thus which variables to use to define the pyromes, and which fire
variables were redundant or uninformative and thus could be excluded. Ignition type (i.e.,
human- or lightning-started) was not included because it is not a physical characteristic.
The PCA realigned the data along new axes, or components, effectively reducing the
dimensionality of the data by maximizing the variance captured by each component. We
determined how many components to keep for further analysis (i.e., removed components
which did not provide sufficient information) using the Kaiser criterion and by evaluating a
scree plot. The Kaiser criterion suggests retaining those PCA components whose associated
eigenvalue is greater than 1. We calculated eigenvalues using the R package ‘factoextra’ [35]
(Table S1). We also visually evaluated a scree plot, in which the variance in the data
was displayed as a function of the number of PCA components, to identify the number
of components after which the amount of additional variance explained by retaining
additional components was small (Figure S2). Any variables that were not significantly
loaded on (i.e., were not correlated with) any of the remaining PCA components were
excluded from the analysis (Figures S3 and S4 and Table S2).
2.3. Pyrome Delineation
We delineated the pyromes across a range of scales based on the fire characteristics.
We used an unsupervised statistical learning method by employing a k-means clustering
approach to identify unique groups of pixels that share similar fire characteristics. First,
because the final number of clusters (i.e., pyromes) must be specified with this modeling
approach but the ideal number of clusters was not known a priori, we started by estimating
the maximum reasonable number of k. We ran 149 iterations of the algorithm with k values
from 2–150 k, where k = the number of clusters. We determined the maximum number of
clusters by computing the Bayesian information criterion (BIC) for each k and identified
the value of k at which adding additional clusters increased the BIC (i.e., the threshold of k
at which adding additional clusters no longer improved model fit; Figure S5).
Second, we determined how many clusters to retain for each level of the pyromes
classification. We identified which values of k maximized between-cluster variation (i.e.,
separation) while minimizing within-cluster variation (i.e., compactness) by examining the
Dunn index for each value of k using the R package ‘clValid’ [36]. The Dunn index is the
ratio of the smallest inter-cluster distance in environmental space among observations (i.e.,
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maximum compactness of clusters by fire characteristics) to the largest intra-cluster distance
in environmental space (i.e., maximum separability of clusters by fire characteristics). We
observed a set of possible k and identified all k which had the highest corresponding Dunn
indices (i.e., local maxima across the set; Figure S6), which indicated the number of pyromes
to be retained for each level.
2.4. Pyrome Characterization
We defined each modern pyrome sensu stricto by calculating the mean and standard
deviation values for all fire physical characteristics by cluster. Fire characteristics were
compared between pyromes pairwise using Tukey’s post hoc test on one-way analysis of
variance. Grid cells without fire were masked from the analysis for all variables except
fire frequency. The rate of change for each fire characteristic for each pyrome group
was estimated by partitioning the data into pyrome groups and fitting an individual
linear model for each partition using the R package ‘nlme’ [37]. Pyrome groups were
considered to have different rates of change from one another if they had non-overlapping
confidence intervals.
Although these analyses were conducted for all fire characteristics and all results
were reported in the Supporting Information (Table S3), we presented results for select
variables throughout the main body of the article (Results section). We chose to present
MODIS-based FRP because MODIS is the only data source that includes this information.
Because we evaluated fire ignition type, which is information embedded in the FPA-FOD
database (see below), we chose to present mean fire event size, frequency, burned area, and
season length derived from FPA-FOD for consistency. Although satellite products (MTBS
and MODIS) would not contain the human detection biases embedded in government
records and thus differences in reporting among states and over time, we used the FPAFOD for these analyses because the MTBS datasets include only fires over a size threshold
(excluding many fires and affecting mean fire size, frequency, burned area, and perhaps
season length) and MODIS does not group fire detections into fire events (affecting mean
fire size, frequency, and burned area). Time series analysis using the FPA-FOD database
were not spatially disaggregated by state to avoid spatial inconsistencies in reporting
by state.
Modern pyromes were characterized sensu lato by the primary controls on fire—
vegetation, climate, and ignition type—to identify how they mapped onto the contemporary spatial patterns of these controls. We calculated the percentage of each pyrome that
was occupied by each category of the 2016 National Land Cover Database (NLCD) [38],
temperature- and moisture-based climate zones (Koppen–Geiger climate classification) [39],
and FPA-FOD ignition type. For the purposes of the ignition type characterization, a
grid cell was considered dominated by anthropogenic or lightning ignitions if over 75%
of ignitions in that grid cell were human or lightning-caused, respectively; otherwise, it
was considered dominated by neither human nor lightning ignitions. Ignition cases that
were unspecified or labeled as missing/unidentified (8.0% of all fires) were excluded from
analyses related to ignition type.
Pyromes were also characterized by ecoregion (Environmental Protection Agency (EPA)
Level 1 ecoregions) [40–43] and historical fire regime (LANDFIRE fire regime group (FRG)) [25].
The EPA ecoregions delineate areas that are ecologically similar in terms of the type and quality of environmental resources and are intended as a spatial framework for research and
management. Characterizing our pyromes by the EPA ecoregions provided a way to compare
our framework based on fire characteristics with a framework that includes a variety of
ecological variables, including soils, land surface form, potential natural vegetation, land use,
etc. The LANDFIRE FRG data characterize the presumed historical fire regime of an area
(i.e., fire return interval (FRI) and severity) based on vegetation, fire spread and effects, and
spatial context, thus providing a way to frame contemporary fire processes described in this
paper within a historical context. We reported any class that constituted at least 20% of a
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given pyrome for each category. A comprehensive description of each pyrome can be found
in Appendix A: Description of the pyromes (k = 8).
2.5. Constraints on Fire
To explore the constraints on fire, or the trade-offs between fire physical characteristics
in fire niche space, we plotted the multidimensional space that fire occupied for each
pyrome, and we evaluated pairwise comparisons of characteristics for each pyrome.
3. Results
3.1. Variable Selection
Based on the Kaiser criterion and the scree plot, we retained the first four components
of the PCA (Figure S2 and Table S1). All fire characteristics loaded significantly onto, i.e.,
were correlated with, at least one of these four components, and therefore we included
all of these variables in further analyses (Figures S3 and S4 and Table S2). Thus, we used
the entire suite of fire characteristics outlined in Table 1 except ignition type to inform the
pyrome clustering algorithm.
3.2. Pyrome Delineation
The final, non-nested hierarchical pyromes classification scheme contained several
levels with varying numbers of k (i.e., pyromes) among levels. The maximum reasonable
number of pyromes was identified as 39 pyromes (Figure S5). We found 12 levels of k
where the Dunn index reached local maxima: k = 2, 5, 8, 14, 19, 24, 28, 30, 32, 35, 37, and 39
(Figure S6). These cut points in k each represented a possible pyrome classification scheme,
or level in the pyromes product. For example, at cut point k = 8, the resulting pyromes map
displayed each 50 km resolution pixel classified as one of eight possible pyromes. Maps
of all classification levels with local maxima Dunn indices are included in the Supporting
Information (Figure S7).
Here, we focused on the third-level classification of the pyromes product, which
contained eight major modern pyromes (Figure 1, disaggregated pyromes in Figure S8),
although all levels mentioned above were valid (e.g., k = 5 and associated characteristics
displayed in Figure S9). Evaluation of the Dunn indices indicated that k = 8 resulted in
the best fit, or the highest Dunn index after k = 2, meaning the maximum within-cluster
compactness and the maximum between-cluster separability. Further, as we were interested
in comparing our modern pyromes to historical fire regime groups and in evaluating the
heterogeneity of the controls of fire in each modern pyrome, we selected a k among the
established cut points of k that would most easily allow us to make those comparisons.
K = 8 was the most parsimonious with the other variables of interest (i.e., five historical
fire regime groups, two categories of ignition type, five climate zones, and six terrestrial
vegetation or land-cover types), though k = 2, 5, 14, 19, 24, 28, 30, 32, 35, 37, and 39 were
also valid classifications. The nestedness of pyromes at k = 8 with those at the other levels
of classification are included in the Supporting Information (Figure S10). A depiction of
the heterogeneity of pyromes at k = 8 (the level on which we focused) described by the
characteristics of pyromes at k = 39 (the level with the most finely resolved pyromes) is
included in the Supporting Information (Figure S11).
3.3. Pyrome Characterization
The human-dominated pyromes 3, 4, and 8 had the highest percent of pixels with
human-dominated ignitions (78%, 69%, and 90%, respectively) (Figure 2). See Description
of the pyromes (k = 8) in the Appendix A for a comprehensive description of each pyrome
and Tables S3–S5 for details. Together, they occupied 59% of the land area of CONUS.
Pyrome 3 occurred in the Northeast and North Central U.S. and had the highest rate of
increase in anthropogenic fires over time: 1.7% (±0.03) annual percent increase. Pyromes 4
and 8 occurred in the Southeast and South Central U.S. (in addition to some areas in central
California), and both were distinguished by long season lengths: 167 (+/−30.8) and 173.6
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(+/−29.6) mean annual days, respectively. Pyrome 4 was additionally characterized by
high-frequency fire: 56.5 (+/−53.5) mean annual fires per pixel. Pyromes 3 and 8 were
relatively spatially aggregated compared with pyrome 4. All had moderate fire size, burned
area, and fire intensity (Table S3).
The physically dominated pyromes 1, 5, 6, and 7 had a low-to-moderate percent
of pixels that were dominated by human ignitions (21%, 41%, 17%, and 0% of ignitions,
respectively). They together occupied only 14% of the U.S. land area, almost exclusively
distributed across the Western and West Central U.S., with pyrome 7 being confined to a
relatively small cluster in the Great Plains. These pyromes exhibited the highest values of
fire size, fire intensity, and burned area, both for average and extreme fires. For example,
the highest mean annual intensity values occurred in pyromes 1 and 6, and the values for
these pyromes were not significantly different from one another (nor were the values for
pyrome 7) (Table S3). This was true for both average fires (mean FRP), for which pyrome
6 had the highest value (77.1 (+/−40.3) mean annual MW/pixel), and extreme fires (i.e.,
maximum FRP) for which pyrome 1 had the highest value (691.9 (+/−479.7) mean annual
MW/pixel). Pyromes 1 and 6 both occurred in arid climates, with pyrome 1 occurring in
shrubland and herbaceous areas and pyrome 6 in shrubland and forest areas. Whereas
pyromes 1 and 6 were distinguished almost exclusively by their intensity, pyromes 5 and
7 were distinguished by their size. Pyrome 5 had the highest value of maximum (i.e.,
extreme) fire size and burned area, the fastest rate of increase for those variables, and the
highest value of mean fire size according to MTBS. Pyrome 7 had the highest values for
mean fire size, maximum fire size, and burned area, as well as rates of increase for those
variables, according to FPA-FOD; it also had the highest rate of increase for mean fire size
according to MTBS. Both pyromes also ranked high in values and/or trends for frequency
and intensity. Whereas pyrome 5 was very mixed in terms of climate and land-cover type,
pyrome 7 was much more homogeneous, occurring in temperate herbaceous areas. This
homogeneity was due in part to the relatively small extent of pyrome 7. Falling more in the
middle of the spectrum from human- to physically dominated, pyrome 2 occupied 27% of
CONUS distributed across the Western and West Central U.S. This pyrome does not have
the highest values for any of the fire characteristics assessed and relatively low human
ignitions (24% of ignitions).
Except for pyrome 7 with a small spatial extent, no pyrome had the majority of its
area occupied by any one land-cover type or historical fire regime (Tables S4 and S5). None
except pyrome 7 had more than 63% of its area in a given ecoregion, though several did
have the majority of their area in a given climate zone.
All pyromes had a significantly increasing percent of ignitions that were anthropogenic
over time (0.5–1.7% of ignitions annually), though the slope for pyrome 7 was not significant.
All pyromes except pyromes 1 and 7 had a significantly increasing fire frequency over
time according to at least one dataset, and all pyromes except 7 did for season length.
However, some significant negative slopes for fire frequency over time existed for pyromes
4, 6, and 8, and some significant negative slopes for season length over time existed only
according to MTBS for pyromes 2, 3, 4, and 6. All pyromes except two (pyromes 3 and 8)
had significantly increasing fire size and/or burned area according to at least one dataset
(and no significant negative slopes). Trends in fire intensity were more mixed.
Results were not always consistent across datasets. For example, pyrome 5 had the
largest mean and maximum fire size and burned area according to MTBS, and pyrome 7
did according to FPA-FOD. Similarly, pyrome 8 had the longest season length according to
MODIS and FPA-FOD, but pyrome 4 did according to MTBS. Pyrome 4 had the highest fire
frequency according to MTBS and FPA-FOD, and pyrome 5 did according to MODIS.
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fire frequency according to MTBS and FPA-FOD, and pyrome 5 did according to MODIS.
The highest average and highest extreme values for a given characteristic generally
occurred in the same pyrome. For example, pyrome 5 had the highest values of mean and
maximum fire size according to MTBS, and pyrome 7 did according to FPA-FOD. Although pyrome 6 had the highest values of mean FRP-based fire intensity and pyrome 1
9 of 20
did for maximum fire intensity, both mean and maximum values of fire intensity were
not statistically different from one another between those two pyromes.
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Fire
Interactions between fire characteristics existed. Fire frequency generally constrained
fire event size; fire event size was in the low-to-moderate range with high fire frequency and
ranged more widely with lower fire frequency (Figure 3; all pairwise relationships using
the same data source when possible in Figure S12). The pattern was less clear between fire
frequency and FRP-based intensity, but FRP did range more widely in lower fire frequency
conditions. However, these modern pyromes occupied distinct fire niche space and had
unique trade-offs in fire characteristics. For example, pyromes 2 and 3 had similar mean
values of fire frequency but deviated in their mean FRP-based intensity values. Similarly,
pyromes 2 and 4 had similar mean FRP-based intensity values but deviated in their mean
frequency values.
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be defined by an entire suite of fire characteristics, including frequency, FRP-based intenevent size, burned area, and season length (i.e., by loading significantly onto at least one
sity, event size, burned area, and season length (i.e., by loading significantly onto at least
of the retained PCA components, described in Methods), which provides support for
one of the retained PCA components, described in Methods), which provides support for
considering all these characteristics in defining modern U.S. pyromes.
considering all these characteristics in defining modern U.S. pyromes.
4.2. Anthropogenic Influence on Pyromes, including Wildfire Extremes
Human ignition pressure played a large role in the East-West patterns of fire characteristics. The pyromes with human-dominated ignitions (pyromes 3, 4, and 8) in the East and
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East Central U.S. had relatively moderate values of fire size, burned area, and FRP-based
intensity, but some had long season lengths and fire frequency (Table S3). These pyromes
dominated much of the land area of CONUS, 59% in aggregate. Conversely, pyromes
characterized by relatively large and/or intense fires (pyromes 1, 5, 6, and 7) (Table S3)
occupied only 14% of the CONUS land area, almost exclusively distributed across the
Western and West Central U.S. and had relatively low human ignitions. Although these
physically dominated pyromes were not spatially extensive, they made a disproportionate
contribution to large, intense fire activity in the U.S.
Fires are becoming increasingly influenced by people over time through changing
ignition pressure across CONUS. The percent of ignitions that are human-started has been
increasing over time at a national scale and in all pyromes since 1992 [9] (Table S3). Further,
there are indications that fire frequency and season length have also been increasing over
time, but the trends are less consistent. These findings are supported by Balch et al. [8]
who demonstrated expanded fire season lengths with human ignitions and by Cattau
et al. [9] who demonstrated that fire season length and fire frequency are positively related
to anthropogenic ignitions. Although the percent of human-started ignitions has a negative
relationship with fire size, burned area, and FRP-based intensity [9] and the percent of
anthropogenic ignitions has been increasing in all pyromes, fire size and total burned
area have also been increasing in most pyromes. This is likely because changes in climate
also affect patterns of U.S. fire activity broadly, though variably [45]. For example, it has
been demonstrated extensively in the intermountain West that a strong climate signal
has resulted in more frequent, larger fires of higher burn severity [10,11,46–48]. However,
the extent to which climate can explain these patterns is reduced in areas that have a
stronger human presence [4]. More research regarding the spatially explicit effects of human
ignitions and their interactions with changing land use and climate on fire characteristics
could clarify these patterns.
Furthermore, the highest average and highest extreme values for a given characteristic
generally occurred in the same pyrome, indicating that spatiotemporal patterns in extreme
fires are in part consistent with larger patterns of average fires. With changing modern
wildfire characteristics, there has been a focus on the shift in mean values of fire parameters and, more recently, the extreme values [49,50]. While defining ‘extreme’ wildfire is
essential [51], there is an increasing need and opportunity to explore the wealth of modern
fire data to examine what are baseline fire characteristics. Such an exploration will help us
to understand the full distribution of events and where extreme fires will have substantial
ecological, economic, and human health impacts [52–54].
4.3. Fire Niche Trade-Offs
There are known trade-offs between fire characteristics that are a function of ecologically or physically driven constraints on fire processes. For example, Archibald et al. [23]
found that short fire return intervals (FRIs) constrained burned area and fire intensity but
that burned area and intensity are more variable at longer FRIs, likely because short FRIs
do not allow sufficient time for the biomass build-up required for intense fires in some
ecosystems. We found a similar pattern for fire size and FRP-based intensity as a function
of fire frequency (i.e., constrained in high values of fire frequency) (Figure 3). We expanded
on these concepts by demonstrating how these trade-offs varied by pyrome and how they
were moderated by vegetation type, climate, and ignition type. For example, the pyromes
positioned in the lower range of FRP-based fire intensity and size for their fire frequency
values (pyromes 3, 4, and 8) were dominated by forest and/or cultivated land-cover types,
temperate or cold climates, and more human ignitions; pyromes with higher FRP-based
intensity and size with respect to fire frequency (pyromes 1, 2, and 6) were dominated by
shrubland and/or herbaceous land-cover types with arid and/or cold climates and had
fewer human ignitions. The biophysical characteristics of forest and of temperate climates
may make these areas less amenable to large, intense fires with a given fire frequency than
shrubland and herbaceous areas in arid climates. Further, areas with cultivated land and
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many human ignitions are associated with higher human population density in general
and likely have a greater capacity for human intervention which may result in reduced fire
size and FRP-based intensity despite the likely increases in fire frequency.
4.4. Controls on Fire
Each pyrome consisted of a relatively heterogeneous mix of the controls on fire (i.e.,
vegetation type, climate zone, or ignition source), though patterns with climate were more
pronounced. In every pyrome except one (pyrome 7) which was limited in spatial extent, the
NLCD dominant coarse vegetation type occupied less than 65% of the pyrome. Although
three pyromes were clearly dominated by human ignitions, the others were more mixed in
terms of ignition type. However, pyromes were more climatologically homogeneous; the
dominant coarse climate category for each pyrome represented over 50% of that pyrome,
reinforcing the consensus in the literature of the strong influence of climate on modern,
broad-scale fire processes [10,11,46–48]. Because each pyrome was heterogeneous in terms
of vegetation, and ignition type, and somewhat with climate, further work exploring how
trade-offs in fire characteristics vary as a function of each of those variables across broad
spatial scales independent of the pyrome framework would elucidate the mechanisms
behind the trends demonstrated here. It may be challenging to predict future changes in
fire regimes as a function of these variables, as the pathways of change may vary [23].
4.5. Relationship with Ecoregions and FRGs and Relevance to Historical Context
A spatial mismatch between our derived modern pyromes and both ecoregions
(Figure 1a) and historical fire regimes (Figure 2d) suggests that vegetation-based classification systems may be limited in their ability to fully explain modern U.S. fire patterns.
As mentioned in the Introduction, we used the term ‘pyrome’ rather than ‘fire regime’ when
exploring how human ignitions shape our modern fire characteristics, because we used contemporary fire data from an approximately 40-year period to derive these clusters that share
similar values of fire characteristics. In a historical context, 40 years is a short time period, a
relatively static moment in a changing, dynamic system. Although we incorporated many
of the characteristics often used to define fire regimes in our pyromes (e.g., frequency, size),
a direct comparison between historical fire regimes and modern pyromes—and defining
modern fire regimes more generally—is complicated by the uncertainty in these dynamics.
Meaning, the patterns we detected during this snapshot may truly represent longer-term
trends, or they may essentially be interpreted as noise from a long-term perspective [18,24].
Current fire characteristics are undoubtedly influenced by the historical legacies, as
well as current patterns of human activity across U.S. landscapes. The anthropogenic ‘wave
of fire’ describes the human signal on fire regimes in the U.S., or changes in fire characteristics over broad spatial scales as a function of changing human activity [55]. Fire was
extensively used as a management tool by indigenous people before European colonization.
Human-caused ignitions declined during industrialization, with even steeper declines
during the fire exclusion era in the 20th century [3,55–57]. The more recent adoption of
prescribed burning and let-it-burn policies may reflect the growing perception of fire as
integral to the landscape [53]; however, the majority of U.S. fires are still suppressed [58].
This ‘wave of fire’ [55], or changes in anthropogenic fire over broad spatial scales,
would affect fire characteristics, such as fire frequency and fire return intervals. Although
substantial evidence exists for this historical pattern of human ignitions across the U.S.,
the extent to which it is broadly geographically applicable is unknown, which could affect
our interpretation of the magnitude of the influence of modern human ignitions on fire
characteristics in a historical context. Further, the influence of people on fire processes has
varied over space and time with changing and complex interactions between ignitions,
biomass, and climate. For example, in the mountain big sagebrush biome, modern changes
in fire characteristics are attributed to changes in ignition patterns and fuel characteristics
during the mid-1800s with European settlement, as well as the interaction of many factors
in modern times, including land development for agriculture and human habitation, the
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distributional shifts of other vegetation (e.g., invasive grasses and woodland expansion),
fire exclusion, and climate change [59]. We cannot dismiss the importance of either historical
or modern human activity in shaping contemporary fire characteristics. The analysis of
the spatial overlap between modern pyromes and LANDFIRE historical fire regimes is
intended to frame the contemporary fire patterns described in this paper within a historical
context, rather than to elucidate change from historical times, as the fire characteristics we
used in the pyromes classification are not consistent with those used to derive LANDFIRE
historical fire regimes. As a general pattern, our modern pyromes were heterogeneously
distributed in the Western U.S., which is consistent with the patterns seen in the historical
fire regimes.
4.6. Relevance to Management across Scales
In this work, we aimed to delineate the areas that share relatively homogeneous fire
characteristics to identify areas in which contemporary fire was most similar. This work
can be used to inform fire management, as pyromes delineated based on fire physical
characteristics build a framework in which the units of evaluation are as internally homogeneous as possible across multiple variables. The delineation of pyromes at different
scales of aggregation allows for the complexity of the classification to be adjusted to levels
appropriate for a variety of purposes, including examining how fire characteristics are
changing in a given area under climate and land-use changes. We do not suggest that
we manage at the scale of the k = 8 pyrome classification, as there is great variation in
how extensive and spatially clustered each pyrome is. However, finer levels of aggregation could be more useful at the state or regional level (Figure S11), particularly when
informed by the variety of environmental and social complexities relevant to management
and restoration goals at various scales. These relevant variables, including ignition type,
are not incorporated into the delineation of pyromes themselves in order to preserve the
possibility of assessing patterns of fire characteristics sensu stricto. These relevant variables
could then be incorporated in additional analyses to capture a fuller picture of fire patterns
sensu lato. Being able to differentiate between local, regional, and sub-continental patterns
enables the perspective of zones of human impact.
4.7. Caveats on Data and Scale of Analyses
The choice of which fire data were used in the analyses influenced the results. Although
patterns in fire characteristics were often consistent among the fire datasets (Table S3), this
was not always the case (see additional text to this point in Results). Because of the unique
properties of each dataset, fire characteristics generated by each dataset would offer different
and complementary information on fires. For example, because the MTBS product has a
minimum size threshold, some fires are included in the other datasets that might be excluded
in the MTBS data. This issue would affect both fire characteristics and trends over time
derived from MTBS. Simply igniting a fire versus growing that fire to the MTBS size threshold
depends on different climatic and fuel drivers, and therefore trends and statistics derived
from these datasets are likely signaling different components of fire processes. We used the
FPA-FOD dataset for trend analyses (Figure 1) for the reasons noted in the Methods section;
however, differences in reporting among states and over time could affect these results. A
comprehensive view of spatiotemporal fire patterns would consider the suite of variables
derived from multiple datasets.
Similarly, there are a number of additional national-scale fire products that were not
included in this analysis (e.g., MODIS Burned Area MDC64A1.006 [60]; Landsat Burned
Area [61,62]; Combined wildland fire dataset [63]) that may capture fire characteristics that
the datasets we used do not capture. A fire product that aggregates various fire products,
including those used in this paper, while retaining the information in each would push
forward our understanding of fire processes across large scales. Due to the extensive data
integration challenges of such an effort, creating this product is outside the scope of this
study. This issue of not incorporating all fire datasets may be particularly relevant for fires
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in cropland areas, which are not included in the MTBS or FPA-FOD datasets and are known
to have high omission areas in other datasets due to their smaller size, shorter duration,
and/or lower intensity values [64]. The majority of the land area classified as cultivated
land by the NLCD dataset was grouped into pyrome 3 (51%) and pyrome 8 (30%), both
of which are dominated by human ignitions and have moderate values for event size,
burned area, and intensity [65]. This grouping is consistent with what we might expect for
cropland fires given their characteristics, though the omission of cropland fires certainly
influenced our pyromes clustering and our analyses of characteristics and trends. Cropland
fires may be better captured by burned area products derived from moderate-resolution
satellites [64], and an analysis using that dataset could increase our understanding of how
cropland fires contribute to spatiotemporal patterns of fire activity.
We focused on the classification with eight pyromes. Although the established cut
points of k were derived from thorough statistical analysis, the choice of which level
to use to make these comparisons likely influenced the results and conclusions. For
example, a smaller number k would likely increase heterogeneity within each pyrome,
and larger numbers of k would become increasingly difficult to interpret. We evaluated
the relationships of the pyromes to one another at different scales (Figures S10 and S11)
but did not conduct a complete multiscalar analysis. Further, we chose an annual, 50 km
resolution for the analysis, which also had implications for the results and conclusions. For
example, 2810 MTBS fire events, representing ~9.6% of the fires in that dataset, were larger
than 50 km2 . Values associated with these fires were assigned to the grid cell in which the
fire centroid occurred, and thus this approach did not capture the full spatial influence of
very large fires. At coarser spatial resolutions, individual large fire events would be more
likely to fall within a single grid cell; however, heterogeneity in fire characteristics captured
at the 50 km resolution would be lost. As another example, the temporal resolution of
our analysis allowed us to track annual trends in fire activity over time; however, a finer
temporal resolution might reveal relevant intra-annual patterns in fire characteristics that
are obscured at the annual resolution. A multiscalar analysis evaluating a range of pyrome
aggregations derived from data compiled across a variety of spatiotemporal resolutions
could shed light on how modern pyromes track onto spatial patterns of variables such as
climate, vegetation, and ecotypes across scales and could elucidate different patterns of
change. For example, a spatiotemporally explicit evaluation of the relationship between
fire characteristics with fuels (e.g., the LANDFIRE project’s spatial fuel datasets), human
population density (e.g., CIESIN) [66], and climate (e.g., WorldClim historical monthly
weather data) [67] would contribute to a mechanistic understanding of contemporary
fire patterns.
5. Conclusions
Here, in using machine learning to delineate modern pyromes in the U.S. at different
scales of aggregation, we demonstrated that previous efforts to detail fire regimes can be
complemented by considering a data-driven approach that uses a suite of fire characteristics
related to fire frequency, fire event size, total burned area, FRP-based fire intensity, and
season length. We found that approximately 59% of CONUS, primarily in the East and East
Central U.S., was represented by pyromes dominated by human ignitions, and these areas
exhibit moderate fire sizes, intensities, and total burned area. Pyromes with the largest fire
sizes, highest intensities, or greatest total burned area represented only 14% of the U.S.,
primarily in the West and West Central U.S., and these areas had a relatively low percent of
ignitions that were human-started. However, fires are becoming increasingly influenced
by people over time across CONUS, as the percent of pixels that are dominated by human
ignitions has been increasing over time in all modern pyromes (Table S3). Furthermore,
there are known trade-offs between fire characteristics that are a function of ecologically
or physically driven constraints on fire processes, and these trade-offs for contemporary
fires are affected by vegetation type, climate, and ignition type. We conclude that modern
pyromes, which are relatively internally homogeneous in their fire characteristics, serve
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as an appropriate spatial framework for research on fire processes and can contribute to
fire management decisions. Akin to delineating ecoregions or climate zones this work
established a framework for understanding modern U.S. fire patterns and how they are
changing nationally by providing fundamental, consistent units of fire zones.
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Appendix A. Description of the Pyromes (k = 8)
We report any class that constituted at least 20% of a given pyrome for each category.
Pyrome 1: Extreme, intense fires in the West. This pyrome has the highest value for
maximum intensity and is not significantly different from the pyrome with the highest
value for mean intensity (pyrome 6). It constitutes only ~2% of the area of CONUS. It
is a spatially disaggregated pyrome distributed primarily throughout North American
Deserts (44% of the pyrome is located in that Ecoregion) and the Northwestern Forested
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Mountains (23%), primarily arid climate zones (61%) on shrubland (40%) and herbaceous
(31%) land-cover types. Fire history was mixed in this area with low- and mixed-severity
fires (≤35-year fire return interval (FRI) in LANDFIRE fire regime group (FRG) I and
35–200 FRI in FRG III, 25% and 21%, respectively), as well as replacement-severity fires
with a 35–200 FRI in FRG IV, 26%). The anthropogenic influence on ignitions is relatively
low; approximately half of the pyrome is dominated by anthropogenic fires (Table S3), and
only 21% of the mean annual fires are anthropogenic (Table S4).
Pyrome 2: Moderate fire characteristics in the West and Central U.S. This pyrome does
not have the highest values for any of the fire characteristics assessed. This pyrome occurs
in mostly arid (71%) and cold (21%) climates on shrubland (43%) and herbaceous (21%)
land-cover types. This pyrome occupies ~27% of CONUS, and it occurs primarily in the
North American Deserts (42%) and the Great Plains (30%). Fire history is quite mixed in
this area; the only FRG that represents >20% in this area is FRG Group II with ≤35-year FRI
and replacement severity. Similar to pyrome 1, the anthropogenic influence on ignitions is
relatively low; approximately half of the pyrome is dominated by anthropogenic fires, and
only 24% of the mean annual fires are anthropogenic.
Pyrome 3: Moderate, human-started fires in the Northeast and North Central U.S. This
pyrome has the highest value for the proportion of pixels dominated by anthropogenic
ignitions (90% of the pyrome area is dominated by anthropogenic fires), and 78% of the mean
annual fires are anthropogenic. It also has the highest rate of increase in anthropogenic fires
over time. This pyrome occupies ~28% of CONUS, primarily in the Northeastern US: the
Eastern Temperate Forests (49%) and the Great Plains (31%) in mostly cold climates (89%)
on cultivated land (41%) and forest (28%). This pyrome has quite mixed fire history, with
≤35-year FRI with replacement severity (FRG II, 33%) or >200-year FRI of any severity (FRG
V, 23%). It also has the fastest rate of increase in fire frequency according to the FPA-FOD.
Pyrome 4: Frequent, human-started fires with long season lengths in the Southeast
and South Central U.S. This pyrome has the most frequent fire of all pyromes according
to MTBS and FPA-FOD and is not significantly different from the pyrome with the most
frequent fire according to MODIS (Pyrome 5). The rate of increase for fire frequency is
also greatest in this pyrome according to MTBS. It also has the longest season length and
greatest rate of increase according to MTBS and MODIS, respectively. Along with pyrome
3, this pyrome has a relatively high human influence; 80% of the pyrome area is dominated
by anthropogenic fires, and 69% of the mean annual fires are anthropogenic. It occupies just
7% of CONUS, is relatively disaggregated, and is located in the Southeastern U.S., as well
as scattered Westward from that area. Eastern Temperate Forests (62%) and the Great Plains
(22%) in mostly temperate climates (67%). It is dominated by forest (31%), with no other
land-cover type representing ≥20% of the pyrome. Historically, these areas had ≤35-year
FRI with either low and mixed severity (FRG I, 46%) or replacement severity (FRG II, 20%).
Pyrome 5: Frequent, extreme large fires with increasing intensity disaggregated across
the Central and Western U.S. This pyrome has the highest value of fire frequency and rate
of increase according to MODIS (and is not significantly different from the pyrome with the
fastest rate of increase in frequency according to FPA-FOD). It also has the highest value
of maximum (i.e., extreme) fire size and burned area, the fastest rate of increase for those
variables, and the highest value of mean fire size according to MTBS. There is evidence that
intensity is increasing here as well; it has the fastest rate of increase in maximum intensity
and is not significantly different from the pyrome with the fastest rate of increase in mean
intensity. The anthropogenic influence on ignitions is moderate; 60% of the pyrome is
dominated by anthropogenic fires, and 41% of the mean annual fires are anthropogenic. It
occupies only <1% of CONUS and is disaggregated across the Central and Western U.S. in
the Great Plains (36%), and Northwestern Forested Mountains (36%). It occurs on forest
(20%), shrubland (30%), and herbaceous (27%) land-cover types in temperate (43%), arid
(28%), and cold (28%) climates. Similar to pyrome 4, historically, these areas had ≤35-year
FRI with either low and mixed severity (FRG I, 26%) or replacement severity (FRG II, 31%).
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Pyrome 6: Intense fires in the West. This pyrome has the highest value for mean
intensity and is not significantly different from the pyrome with the highest value for
maximum intensity (pyrome 1). It occupies ~11% of CONUS and occurs primarily in the
Western US: Northwestern Forested Mountains (39%) and North American Deserts (35%), in
mostly arid (55%) and cold (30%) climates on shrubland (41%) and forest (26%) land-cover
types. Historically, fires had 35–200-year FRIs with either low and mixed severity (FRG
III, 26%) or replacement severity (FRG IV, 27%). Similar to pyrome 1, the anthropogenic
influence on ignitions is relatively low; approximately half of the pyrome is dominated by
anthropogenic fires, and only 17% of the mean annual fires are anthropogenic.
Pyrome 7: Large and extreme large lightning fires concentrated in the Great Plains.
This pyrome is characterized by large fires, with some evidence of high intensity, frequency,
and season lengths. For fire size, it has the highest values for mean fire size, maximum
fire size, and burned area, as well as rates of increase for those variables, according to
FPAA-FOD; it also has the maximum rate of increase for maximum fire size according to
MTBS and was not significantly different from the maximum rate of increase for mean
fire size according to MTBS. It is also not significantly different from the pyrome with the
highest value for fire frequency and rate of increase, according to some datasets, nor is it
significantly different from the pyrome with the highest value for mean and maximum
intensity; it also has the fastest rate of increase for mean intensity. It is significantly different
from the pyrome with the highest value for season length or rate of increase according to
some datasets. It occupies only <1% of CONUS and is concentrated exclusively in the Great
Plains (100%) in temperate (88%) climates, primarily in herbaceous (80%) areas. Fire history
here is almost exclusively ≤35-year FRIs with replacement severity (FRG II, 92%). Similar
to pyromes 1 and 2, the anthropogenic influence on fire ignitions is low; 30% of the pyrome
is dominated by anthropogenic fires, and 0% of the mean annual fires are anthropogenic. It
has the highest value for lightning fires (50%).
Pyrome 8: Human-started fires with long season lengths in the Southeast and South
Central U.S. This pyrome has moderate fire characteristics over long season lengths. It
has the longest season length according to MODIS and FPA-FOD and the highest rate
of increase according to FPA-FOD. This pyrome occupies ~24% of CONUS. It is located
primarily in the Southeastern US—Eastern Temperate Forests (63%) and the Great Plains
(29%)—and is composed of forest and cultivated land-use/land-cover types (29% and 28%,
respectively) in mostly temperate climates (71%). Historically, these areas had ≤35-year
FRI with either low and mixed severity (FRG I, 43%) or replacement severity (FRG II, 25%)
or 35–200-year FRIs with low and mixed severity (FRG III, 20%). Similar to pyrome 3,
this pyrome is dominated by human ignitions; 90% of the pyrome area is dominated by
anthropogenic fires. 90% of the mean annual fires are anthropogenic, the highest value
among the pyromes.
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